We have experimentally found a Sn-Zn-Mg 2 Sn eutectic alloy with the eutectic composition of 82Sn-10Zn-8Mg (mol%) and with nearly the same eutectic temperature of 454 K as that of the Pb-Sn eutectic alloy. The eutectic alloy was made in air by covering Sn, Zn and Mg with the 59KCl-41LiCl (mol%) composition eutectic melt in an Al 2 O 3 crucible, melting the metals at 1073 K and washing away the alkali-chlorides with distilled water after cooling to room temperature. The as-cast alloy easily oxidized at temperatures above 503 K in air after melting. It was found that the Sn-Zn-(Mg, Al) 2 Sn eutectic alloys that were made by replacing 0.8 to 4.0 mol% of Mg with Al in the ternary eutectic composition with the same alloying method did not oxidize in air after melting.
Introduction
The 26.1Pb-73.9Sn (mol%) eutectic alloy with the eutectic temperature of 456 K has been used widely for solder. To solve environmental problems related to Pb, however, development of Pb-free solder has become active worldwide. 1, 2) New solder alloys with eutectic temperatures as close as possible to that of the Pb-Sn eutectic alloy and with Sn as a main component are desired, because the process for the Pb-Sn solder alloy may be applied. Also, these alloys should not contain hazardous metals. The following eutectic alloys were reported to be as close as possible to these requirements: Sn-Zn with 472 K, 3) Sn-Zn-Al with 472.7 K 4, 5) and Sn-Mg 2 Sn with 476.5 K. 6) However, all of their eutectic temperatures are still higher than desired. Recently, a Sn-ZnMg 2 Sn eutectic alloy with 455 K was found by a thermodynamic caluculation. 7) We had studied the Sn-Zn-Mg-Al system experimentally and had filed a patent application in Japan based on our results on January 27, 1999. 8) This patent contains the following: a eutectic alloy consisting of Sn, Zn and Mg 2 Sn with the composition of 82Sn-10Zn-8Mg (mol%) and with the eutectic temperature of 454 K has been developed; eutectic alloys consisting of Sn, Zn and (Mg, Al) 2 Sn with the eutectic temperature of 453 K, which can solve the problem of oxidization in air after melting at high temperatures of the eutectic alloy Sn-Zn-Mg 2 Sn, has been developed; and a simple method to make alloys of the metals in air, covering the metals with the eutectic melt of KCl-LiCl to protect them from exposure in air, has been found.
Our experimental result of the eutectic alloy in the Sn-ZnMg system agrees well with the thermodynamic calculation. 7) This paper is written based on the patent.
8)

Experimental
Metals and metal compounds related to this work have the following melting temperatures: Sn 505 K, Zn 693 K, Mg 923 K, Al 933 K and Mg 2 Sn 1043.5 K. Therefore, we had to use high temperatures of about 1073 K to melt all metals and metal compounds. As Mg and Mg 2 Sn are oxidized easily at these high temperatures, however, it was not easy to make alloys of these metals in air. We found that the method shown in Fig. 1 was effective in alloying. Various mixtures of metals including Mg placed in Al 2 O 3 crucibles were covered with mixed powders with the eutectic composition of 59KCl-41LiCl (mol%), heated in air in an electric furnace, kept at 1073 K for one hour and cooled to room temperature, after being taken out of the furnace. The alkali-chlorides were then removed with distilled water. This method made it possible to make alloys of the metals in air.
Heating behaviors of the as-cast alloys were analyzed in air by using differential scanning calorimetry (DSC) with a heating rate of 5 K/min. Crystal structures of the as-cast alloys were analyzed by X-ray diffraction (XRD) using Cu K.
Using the eutectic composition of 82Sn-10Zn-8Mg, we investigated the effects of replacing part of Mg in the eutectic composition with Al on DSC curves and crystalline phases of the as-cast alloys. Here, the same alloying and analytical methods were used.
Results and Discussion
Alloying method
When metals were heated as shown in Fig. 1 , Sn melted Fig. 1 The alloying method. 
The Japan Institute of Metals first at 505 K, followed by the mixed powders 59KCl-41LiCl at the eutectic temperature of 623 K. 9) The melt of the alkalichlorides covered all the metals and shut out the air. This method made it possible to melt all the metals completely at 1073 K in air. The melted metals formed a ball in the melt of the alkali-chlorides, as shown in Fig. 1 . After being cooled to room temperature, the alloy ball could be easily extracted from the crucible by washing away the alkali-chlorides with distilled water.
Eutectic alloy in the Sn-Zn-Mg system
Figures 2 and 3 show characteristic DSC curves and XRD patterns of the as-cast alloys, respectively. Figure 2(a) shows that the heating DSC curve for the as-cast alloy with the composition of 82Sn-10Zn-8Mg (mol%) has an endothermic peak at 454 K and broad exothermic peaks at temperatures above 503 K. The heating DSC curves for the as-cast alloys with the compositions of 86Sn-10Zn-4Mg (mol%) and 89Sn-10Zn-1Mg (mol%) show two endothermic peaks as shown in Figs. 2(b) and (c), respectively. In the DSC curves, Figs. 2(a) to (c), an endothermic peak always appears at 454 K, and the other endothermic peak appears at higher temperatures, changing its peak temperature and its depth. As the composition approaches that of Fig. 2(a) , the higher temperature peak approaches the 454 K peak and smaller, while the 454 K peak increases. As shown in Fig. 3 , all of these alloys consist of three crystalline phases of Sn, Zn and Mg 2 Sn.
These experimental results show that the 454 K peak corresponds to the melting of the eutectic part of the alloys and the higher temperature peak to the liquid-solid reaction of non-eutectic part, and that a ternary eutectic alloy is formed in the composition of 82Sn-10Zn-8Mg (mol%).
The exothermic reactions occurring at temperatures above 503 K are considered to be the oxidation of the melted alloy, because the cooling DSC curve shows only an exothermic peak for the solidification of Sn and the sample cooled to the room temperature was powdered. These results show that Mg 2 Sn and Zn in the ternary eutectic alloy oxidize easily in air after melting.
Eutectic alloys of Sn-Zn-(Mg, Al) 2 Sn
Figures 4 and 5 show DSC curves and XRD patterns for ascast alloys made in the composition of 82Sn-10Zn-(8-x)MgxAl (mol%) by replacing part of Mg with Al in the ternary eutectic composition and by using the above-described method.
Compared with the ternary eutectic alloy, the DSC curves in Fig. 4 do not show the exothermic reactions in air after 86Sn-10Zn-4Mg (mol%) and (c) 89Sn-10Zn-1Mg (mol%). 12) Therefore, it is considered that a small amount of Al dissolves in Zn and a fairly large amount of Al dissolves in Mg 2 Sn and forms a solid solution of (Mg, Al) 2 Sn. On the other hand, the alloy with 4.0 mol% Al shows the eutectic peak of 453 K and a shoulder peak very close to the eutectic peak, but Al cannot be detected in the XRD pattern. It is considered that the shoulder peak around 464 K was caused by insufficient uniformity of the alloy. Therefore, in the range of our experiments, X ¼ 0:8 4:0, almost half of the Mg in Mg 2 Sn can be replaced with Al. This is quite a large amount compared with metal Mg. It is caused by the difference of crystal structures between Mg and Mg 2 Sn.
Although wetting and corrosion behaviors and mechanical properties required for solder were not studied within this paper, the alloys with the eutectic temperature of 453 K may be candidates for Pb-free solder alloys from the perspective of the eutectic temperature.
Conclusion
We have found a method to make alloys of easily oxidizing metals and metal compounds in air, covering metals with the eutectic melt, KCl-LiCl that could be easily removed with distilled water after cooling.
Using this method, we have found a eutectic alloy with the eutectic temperature of 454 K consisting of Sn, Zn and Mg 2 Sn in the composition of 82Sn-10Zn-8Mg. This alloy oxidized easily at temperatures above 503 K in air after melting.
Also using the same method, we have found eutectic alloys of Sn, Zn and (Mg, Al) 2 Sn that have the eutectic temperature of 453 K which did not oxidize in air after melting.
